Although the blood flow velocity in a left ventricle (LV) has been considered to be sufficiently fast to prevent thrombus formation, internal wall structures, such as trabeculae carneae (TC) and papillary muscle, recently received attention as possible causes of reduced near-wall blood flow. As a fundamental consideration of this problem, this study established a method for constructing an unsteady LV model from magnetic resonance (MR) images and investigated the effect of a few simplified TC structures on the blood flow in the model. The LV model at arbitrary time steps was constructed by deforming a computational mesh generated from MR images at a reference time step. The validity of the proposed construction scheme was confirmed by comparison with the configuration of an LV model extracted from MR images. Numerical analysis was performed for the unsteady blood flow in LV models with and without two simplified TC structures. The flow field in the model with the internal structure differed from that in the model without the internal structure near the wall, and flow separation caused by the internal structure decreased wall shear stress on the rear of the internal structure. The computational results provide fundamental information for the complex interaction between the internal structures and the blood flow in an LV.
Introduction
Coronary heart disease and cerebrovascular diseases are leading causes of death. The prediction of thrombus formation, which causes myocardial and cerebral infarctions, is difficult. It has generally been considered that the blood velocity in the left ventricle (LV) is sufficiently fast to prevent thrombus formation. However, internal structures, such as trabeculae carneae (TC) and papillary muscle on the inner wall of the LV, recently received attention as possible causes of reduced blood flow velocity, resulting in thrombus formation (Kulp et al., 2011; Lantz et al., 2016) .
In recent years, many studies have extracted and reconstructed the LV shape from images obtained by magnetic resonance (MR) (Yang et al., 2017; Chnafa et al., 2016; Doost et al., 2016; Imanparast et al., 2016; Su et al., 2016; Suwa et al., 2016; Song and Borazjani, 2015; Baillargeon et al., 2014; Eriksson et al., 2010) , X-ray (Axel, 2004; Baillargeon et al., 2014; Kulp et al., 2011; Lantz et al., 2016; Moore and Prasad, 2013) , ultrasound (Sołtysiński, 2007 (Sołtysiński, , 2008 Sołtysiński et al., 2006) , and combinations thereof (Weese et al., 2013) . Suwa et al. (2016) investigated the relation between the characteristics of the blood flow and LV function using 3D cine phase contrast MR imaging (4D flow) and confirmed differences in the LV flow patterns between healthy and diseased subjects. However, details of the effect of the internal structures on the flow field have not yet been clarified because of the low spatial and temporal resolutions of the measurements.
Regarding numerical analysis, most existing studies of blood flow in the LV ignored the internal structures (Chnafa et al., 2016; Doost et al., 2016; Imanparast et al., 2016; Su et al., 2016; Song and Borazjani, 2015; Lai et al., 2015; de Vecchi et al., 2013; Nakamura et al., 2006b; Nakamura et al., 2006a; Taylor et al., 1994) . Among these studies, Nakamura et al. (2006b) performed numerical analysis of the blood flow field in an LV with four opening modes of the mitral valve and demonstrated that these modes influence the flow dynamics during the diastole. Lai et al. (2015) examined the blood flow field in the LV of an unborn child, for which data are difficult to obtain due to safety concerns and low temporalspatial resolution, and compared the results with those of an adult.
Some numerical studies have considered the internal structures in an LV. Chnafa et al. (2016) performed numerical analysis using an LV model that included the actual shape of the papillary muscle reconstructed from cardiovascular MR imaging and indicated the importance of fluctuations in the blood flow in the LV for the myocardial function. Kulp et al. (2011) performed numerical simulation based on 4D motion of the endocardial surface, capturing complex LV features, such as the papillary muscles and the ventricular trabeculae, and visualizing the complex blood flow structure. Lantz et al. (2016) constructed computational models for the blood flow in the left atrium, ventricle with papillary muscles and TC, ascending aorta, and heart valves to simulate blood flow in physiologically realistic hearts. Their evaluation of velocity fields and residence time indicated that papillary muscles and TC strongly interacted with the blood flow. In spite of these recent studies, details of the effect of the internal structures on the flow field have not yet been clarified. It is necessary to clarify the effect of individual inner structural elements on the blood flow field to identify the factors contributing to blood flow stagnation.
Numerical approaches for performing blood flow simulation in an LV can be divided into two methods. One is the fluid structure interaction analysis method (Doost et al., 2016; Imanparast et al., 2016; Kulp et al., 2011; Lantz et al., 2016; Su et al., 2014; de Vecchi et al., 2013) , and the other is the one-way coupling analysis method, in which the timedependent deformation of the LV wall is prescribed (Lai et al., 2015; Nakamura et al., 2006a; Song and Borazjani, 2015; Su et al., 2016) . In the former method, it is difficult to specify the mechanical properties of the LV wall correctly, and comparison of the results with in vivo data has rarely been performed. In the latter method, the LV models for all time steps corresponding to the time-dependent deformation need to be constructed, which is time-consuming. To reduce this preparation time, Koizumi et al. (2015) proposed a method for constructing left atrial models at arbitrary time steps by deforming the left atrial model at a reference time step, and they performed blood flow analysis of left atrial fibrillation. This method substantially reduced the working time because time-consuming grid generation is necessary for only one reference time step, and it guarantees that the connections between all grid points are maintained.
As a fundamental consideration on the effect of individual internal structural elements on the blood flow in an LV, this study established a method for constructing an unsteady LV model from MR images and investigated the effect of a few simplified TC structures on the blood flow in the model. A time-dependent LV model was constructed by applying the method proposed by Koizumi et al. (2015) and by deforming the LV model for a reference time based on the time variations of the LV volume and length between the apex and the mitral valve measured from MR images. Models with and without simplified internal structures were created using the proposed method and flow analysis was performed. Two models with different sizes of TC structures were used to evaluate the effect of the size of internal structures. Spatiotemporal variations of the velocity vectors and wall shear stress (WSS), which is one of the hemodynamic parameters for estimating thrombus formation, were compared between the computational results of the models with and without internal structure to reveal the effect of the simplified TC structures on blood flow.
Methods
First, we explain the method for constructing an LV model with arbitrary internal shapes based on MR images. Then, performance of the numerical analysis for LV models with and without two simplified internal structures is explained.
Computational target
This study adopted MR images for the reconstruction because high-resolution cardiac computed tomography (CT) Yamada, Hayase, Miyauchi and Funamoto, Journal of Biomechanical Science and Engineering, Vol.13, No.2 (2018) [DOI: 10.1299/jbse. imaging, which provides detailed information on the internal structure of an LV, exposes the subject to radiation. The MR images used in this study were obtained from a healthy volunteer. Images of the LV and left atrium were captured by an Achieva 1.5T system (Philips Medical Systems) in 15 sections at 6.69 mm intervals along the vertical direction and 20 phases corresponding to the phase number M = 1-20 over one cardiac cycle. The imaging was conducted with the approval of the ethical review board of Tohoku University and informed consent of the volunteer.
Construction of simplified left ventricle models
Using medical image processing software (OsiriX 5.6, OsiriX Foundation, Switzerland) , the lengths between the apex and the mitral valve were measured in the images along the long axis in 20 phases of the cardiac cycle ( Fig.  1(a) ). The relative lengths in all phases based on the length of initial phase M = 1 were also measured. Two-dimensional shapes of the left heart system were extracted from 15 short-axis section images ( Fig. 1(b) ) for 20 phases, and corresponding 3D models were reconstructed and saved as STL files. These models are hereafter called "simplified models". In this reconstruction, the position of the apex in the long-axis section was referenced to enhance the accuracy of the extraction. The left atrium was then removed from the simplified models (Fig. 2) using STL editing software (Magics 16.01, Materialise, Belgium) by referencing the position of the mitral valve in the images of the long-axis section. The inner walls of the simplified models were then smoothed, which changed the volume of models by less than 5%. In a healthy heart, the minimum LV volume is 22-58 mL and the maximum volume is 67-155 mL (Lang et al., 2006) . The minimum and maximum values of the models used here were 56.2 mL and 166.9 mL, respectively, which are almost in the healthy range.
Time variations of LV volume and length between apex and mitral valve
The time variations of the LV volume, including a part of the aorta, ( ), were calculated using Magics for the simplified models for all 20 phases ( Fig. 3(a) ). The volume of the part of the aorta included in the simplified models * ( ) was then obtained at six characteristic phases ( = 1, 3, 6, 9, 17, and 20) using Magics. Values of * ( ) for all 20 phases were obtained by third-order spline interpolation ( Fig. 3(a) ). By applying this interpolation to 20 data points for ( ) − * ( ) , the LV volume * ( ) was calculated for all time steps ( Fig. 3(b) ). In the spline interpolation, the data for one cardiac cycle were extended to three cycles and the interpolated data in the second cycle were adopted to ensure the periodicity of the data. In the same way, the length between the apex and the mitral valve * ( ) at each time step was obtained ( Fig. 3(c) ) by applying spline interpolation to the length data for the major long section for 20 phases.
Computational mesh of LV model at reference time step
The phase just before the atrial contraction = 17 was defined as the reference phase , and the time step corresponding to was defined as the reference time step (Figs. 3(a), (b)). A computational mesh was generated for the simplified model in the reference phase . For simplicity, the mitral valve was modeled as a cylinder with a diameter of 24 mm and height of 2 mm, and the aortic valve was modeled as a tapered cylinder with an upper diameter of 23 mm, a lower diameter of 11.5 mm, and a height of 30 mm (Haimerl et al., 2005) . The mesh was generated using mesh generation software (ICEM CFD 14.0, ANSYS, USA). The LV model consisted of 5,936 nodes, 18,588 elements, 3 layers of prism mesh on the lumen surface, and interior tetrahedral elements. This mesh resolution was determined based on several test meshes generated with different resolutions. Although more grid points are needed to capture details of the flow structure, this analysis investigated the large-scale flow. The grid resolution of the mesh was examined, and the error of the temporal-spatial averaged velocity for the analysis of the present computational grid was 6% compared to the analysis with 100,800 nodes and 388,662 elements. The authors judged that this grid has sufficient accuracy for the flows investigated in this study. Hereafter, the shape of the LV at the reference time step is called the reference shape.
Computational mesh at each time step
The computational mesh at each time step was created by deforming the mesh for the reference time step based on the time variations of the LV volume and the length between the apex and mitral valve. A right-handed Descartes coordinate system was defined, with the Z-axis and the Y-axis being defined from the apex to the center of the mitral valve and from the aortic valve to the mitral valve, respectively. A cylindrical coordinate system ( , , ) was also defined, as shown in Fig. 4 . The grid points of the reference shape at the reference time step were described as ( ( , ), ( , ), ( , )), where is an index for grid points.
Let us now look at the generation of the grid points ( ( , ), ( , ), ( , )) at an arbitrary time step . Various models are available to specify the wall deformation, such as deformation perpendicular to the wall, deformation toward the center of the LV, and deformation by torsional motion (Yeo et al., 2009; Grosberg and Gharib, 2009) . The model used in this study assumed that the deformation in the Z-direction linearly increases toward the apex, deformation in thedirection is null, and deformation in the -direction is a function of and Z to approximate the MR data. The Zcoordinate of each grid point is given in Eq. (2.1), in which the ratio of the variation of the Z-coordinate is proportional to the distance from the mitral valve using the length between the apex and the mitral valve * ( ):
where is the Z-coordinate of the center of the mitral valve at the reference time step. The -coordinate was not varied at any time step:
It is known that a real beating heart shows torsional motion (Grosberg and Gharib, 2009; Sengupta et al., 2008) , but this motion was not considered in this study for the sake of simplicity. The torsional motion could be easily introduced by adding a time-dependent function to Eq. (2.2). The -coordinate was defined as the following function: where ( , , ) is the amplification ratio. The LV shape is defined as similar to the reference shape when the volume of the model is greater than or equal to that of the reference shape * ( ), which corresponds to the shape just before atrial contraction. The equivalent diameter is calculated from the LV volume and length data, and the amplification ratio r is calculated from the ratio to the equivalent diameter of the reference shape in the time step.
(i) For time step where * ( ) ≥ * ( ):
where ( ) is the ratio of the equivalent diameter at time step to the diameter at the reference time step. The above function is for expansion or contraction with a constant ratio for an arbitrary .
The LV shape at other time steps is defined as the shape interpolated between the reference shape and the shape with the minimum volume. The amplitude ratio r is calculated by interpolating the wall position on the slices at each time step from the reference shape and the shape with minimal volume in the time step.
(ii) For time step where (2.6) is as follows:
in which α ( , ) and α ( , ), respectively, are the lengths from equally separated points on the Z-axis with Zcoordinates ( )( = 0, ⋯ ,10) to points on the wall on the mitral valve side on the LV model shape projected to the YZ-plane during the phase of the minimum volume = 6 and the reference phase = 17 (upper diagram in Fig. 4) , and the terms β ( , ) and β ( , ) are the corresponding lengths for the points on the wall of the aortic valve side projected to the YZ-plane. For = 0 and 10, α and β were set to 0. Equation (2.7) shows the interpolation of R in the time direction using the ratio of equivalent diameter, and Eq. (2.6) shows the ratio of R interpolated in the Z-direction to that at the reference phase. Note that ( ) = 1 in Eq. (2.7).
Internal structure model
The model of the internal TC structure was generated by deforming the wall to a convex shape using the cosine function. The internal structure regions [ 0 − ∆ /2, 0 + ∆ /2] and [ 0 − ∆ /2, 0 + ∆ /2] were specified in the -and -directions, and the convex shape of the wall was defined by multiplying the R-coordinates of the grid points in the region by ( < 1).
Fig. 4
Definitions of coordinates and parameters for LV deformation. The upper diagram shows the crosssection of the LV model at Z = 0.055 m.
The height of the TC model was times the radius . In this study, two TC models were established on the LV wall (upper diagram of Fig. 4 ).
Numerical analysis
Thermal flow analysis software (Fluent 14.5, ANSYS, USA) was used to simulate blood flow in the LV model. The LV motion associated with the heartbeat was incorporated by user-defined functions. The basic equations were the Navier-Stokes equations and the continuity equation. The SIMPLE algorithm was used for velocity-pressure coupling. The least-squares cell-based method, second-order scheme, and second-order upwind method were used for the gradient and differential calculation, pressure interpolation, and convection discretization, respectively. 
Results
This section provides the results of LV model construction and the numerical analysis. The computational result starts with the fourth period, in which the flow field reaches a periodic condition. The time step N was redefined as N = 1-200 in this cardiac cycle for convenience.
Left ventricle model with internal structures
The computational mesh generated by the present method (red dots) is compared with the simplified model reconstructed from MR images (blue dots) in Fig. 5(a) at the time step = = 61 corresponding to the phase = = 6, which is the maximum deformation from the reference shape. The mesh shape is in good accordance overall with the original LV configuration. The error of the shape in the XZ-plane is larger than that in the YZ-plane. Regarding the shape in the YZ-plane, the step shape around the middle part of the reconstructed LV model is smoothed in the computational mesh. The length between the apex and the mitral valve in the computational mesh is 3.5% smaller than that in the simplified model. The computational meshes for model A are shown in Fig. 5(c) for the time steps N = 11, 61, 171, and 201, which correspond to the phases in Fig. 2 (M = 1, 6 , 17, and 20). The shape at each time step is properly reproduced. The meshes for models A-C are shown in Fig. 5(d) viewed from the bottom at the reference time step (N = 171). The internal structures in models B and C are apparent (arrows). Yamada, Hayase, Miyauchi and Funamoto, Journal of Biomechanical Science and Engineering, Vol.13, No.2 (2018) [DOI: 10.1299/jbse.17-00597]
Numerical analysis
Figure 6(a) shows the velocity vectors in model A at four time steps on the cross-section (X = 0.175 m) that is the plane that includes the centers of the mitral and aortic valves. At time step = 41 in systole, outflow from the aortic valve occurred. At = 91 in early diastole, inflow from the mitral valve appeared. At = 116 in mid-diastole, a region with relatively large velocity appeared near the apex. At = 141, just before atrial contraction in late diastole, the velocity vectors became small over the whole domain. Similar flow patterns at each time step were observed on the same cross-section in the results for models B and C (not shown).
The corresponding WSS distributions are shown in Fig 6(b) . At = 41, the WSS increased around the root of the aorta. At = 91, the WSS increased in the middle part of the LV. At = 116, the large WSS spread to the apex. At = 141, the WSS decreased except in the upper domain. Vol.13, No.2 (2018) [DOI: 10.1299/jbse.17-00597]
The velocity vectors on the plain that includes the two internal structures (Y = 0.192 m) in models A, B, and C at systole (N = 41) and diastole (N = 91) are compared in Fig. 7 . The fluid moved along the wall in model A (without internal structure) in both phases. In contrast, the flow separated from the wall in areas (white circles) because of the effect of the internal structures in models B and C. Figure 8 illustrates the WSS distributions from the view of 0 = −π/2 rad ( Fig. 8(a) ) and 0 = π/2 rad ( Fig. 8(b) ) at = 40 in systole (upper images) and = 107 in diastole (lower images). In the figure, black frames correspond to the regions of the internal structures and values of WSS are shown at four characteristic points P1-P4. In Fig. 8(a) for 0 = −π/2rad, the WSS at P1 close to the peak of the internal structure increased in the order of models A, B, and C at = 40 in systole, and the WSS at P2 on the slope close to the peak of the structure decreased in the order of models A, C, and B at = 107 in diastole. In Fig. 8(b) for 0 = π/2 rad, conversely, the WSS at P3 in the upper side of the internal structure decreased in the order of models A, B, and C at = 40, and the WSS at P4 on the slope of the internal structure on the opposite side of P2 decreased in the order of models A, B, and C at = 107. Changes in the shape and location of the internal structures clearly had different effects on the blood flow field. Although the WSS values are shown at four representative points, the WSS distributions in Fig. 8 clearly show the differences between the results for the models in regions around the internal structures shown in black frames.
Time variations of the WSS at P1-P4 are shown in Fig. 9 . Time steps = 40 and 107 are shown in the figure for ease of comparison with Fig. 8 . The maximum WSS value appeared at around = 90 in all three models and at all four reference points. Among the models, the WSS value of smooth model A was smallest at P1, but largest at P2, P3, and P4. The WSS values of models B and C at P2 and P4 were smaller than those of model A during relatively wide time intervals of = 90-140 and 90-120 in the diastolic phase.
Discussion
In this study, a method was developed to construct an unsteady LV model with internal structures from MR images and the effects of a few simplified internal structures on the blood flow field was numerically clarified qualitatively. The evidence for the validity of the proposed model construction scheme is that there was agreement between the configurations of generated computational meshes and those of simplified models extracted from MR images (Fig. 2 and  5 ). The small error near the apex is ascribed to manual measurement of the long axis length from MR images. The error in the LV shape in the X-direction is larger than that in the Y-direction because the deformation of the LV is defined from Yamada, Hayase, Miyauchi and Funamoto, Journal of Biomechanical Science and Engineering, Vol.13, No.2 (2018) [DOI: 10.1299/jbse.17-00597]
the LV shape projected to the YZ-plane. The outlines on the XY-section of the LV model in the middle part of the LV (Z ≈ 0.05 m) corresponding to the largest deformation agree with those of MR images (Fig. 5(b) ). The deformation model did not consider deformation in the -direction in this study. If the deformation were considered perpendicular to the wall in the case of Fig. 5(b) , the maximum distance between the points displaced from the same point by these deformation models would be 8 mm. Because the difference in the velocity of LV wall motion between the models is much smaller than the blood flow velocity, the difference in the WSS is considered small. The time-dependent LV volume obtained from the simplified models was almost in the healthy range. This method substantially reduced the working time because time-consuming grid generation was necessary for only one reference time step, and it guarantees the maintenance of the connections between all grid points. The evidence for the qualitative clarification of the effects of a few simplified internal structures on the LV blood flow is that the present results for model A without internal structures show qualitative correspondence with other studies (Chan et al., 2017; Imanparast et al., 2016) regarding the occurrence of vortices in the diastolic phase and in the outflow from the aortic valve in the systolic phase (Fig. 6) . The velocity distribution in the middle-late diastole (Fig. 6(a) ) and the decrease in WSS around the apex (Fig. 6(b) ) agree with the findings of Chnafa et al. (2016) . The comparison of the results of the models with and without internal structures showed that the internal structure decreased the WSS locally, and that it varied depending on the position and shape of the structure (Figs. 8) . In time variations of the WSS at P1-P4 (Fig. 9) , the large WSS around = 40 is ascribed to the outflow caused by decreasing LV volume (see Fig. 3 ). The large WSS around = 90 and 100 are due to the inflow caused by increased volume (Fig. 3) . The increase of the WSS at P3 around = 40 disappeared in models B and C. This is caused by the flow separation from the wall due to the convex shape of the TC model. Since thrombus formation is related to decreased WSS (Taylor et al., 2016) , the present results suggest the possibility of thrombus formation in the LV due to the effect of the internal structures. However, no WSS threshold for thrombus formation is given in the literature, although the left atrial appendage is known as a major site of thrombus formation (Al-Saady et al., 1999) . In the numerical study of Koizumi et al. (2015) , the WSS in this region decreased to less than 1 Pa with atrial fibrillation. Further, they mentioned the possibility of thrombus formation along with consideration of the magnitude of WSS in the whole left atrium and other hemodynamic parameters related to the thrombus formation, such as oscillatory shear index and relative residence time. As a fundamental study, this paper focused on the effect of the internal structures on the WSS. The effects of other possible parameters such as blood residence time (Kulp et al., 2011; Lantz et al., 2016) and oscillatory shear index (Samaee et al., 2016) should be considered in future work. This study has limitations, as the present LV model is very simplified because of the low spatial resolution of the MR images. However, the LV model reproduced the basic LV structure, and therefore, it should be possible to reproduce the LV blood flow field by numerical analysis. The internal structures, such as TC, papillary muscle, and chordae tendineae, are very complicated (Crozier et al., 2016) and the blood flow in an LV is influenced by all these structures (Kulp et al., 2011; Lantz et al., 2016) . In this basic study, simplified TC structures were constructed, and their effect on the blood flow and the wall shear stress was clarified. The comparison between the results for the models with and without internal structure provided meaningful basic information about the effects of these structures. The number and shape of the currently modeled internal structures are different from those in an actual heart. Probably because of the various complexities of the TC shape, there are no statistical data for them, to the best of the authors' knowledge. In Moore et al. (2013) , a TC structure with a depth of 3-6 mm was reconstructed. In the human heart cross-sections shown by Burch et al. (1952) , TCs are over the whole inner surface of the LV. Also, the ratio of the volume of TC and that of papillary muscle changes through the cardiac cycle. Especially, TCs become smooth during diastole and become folded during systole as the heart contracts to pump out the blood (Burch et al., 1952) . In this study, the TC structure was simple (a length of 30 mm and a depth of 5 mm), and complex deformation of it during the heartbeat was not considered. In future studies, it will be necessary to consider the effect of a large number of TC structures with realistic shapes, as well as the inclusion of papillary muscle and chordae tendineae, as an important next step. Also, this study ignored the torsional motion of the LV for the sake of simplicity, so this should also be included in the future to more realistically model heart motion. The present results suggest that the WSS decreases locally within the LV due to its internal structure. To discuss thrombus formation in a real LV, a more precise model is needed.
Conclusion
As a fundamental consideration of the effect of the internal structures on the blood flow in an LV, this study established a method for constructing an unsteady LV model from MR images and investigated the effect of a few simplified TC structures on the blood flow in the model. The validity of the proposed construction scheme was confirmed by comparison with the configuration of an LV model extracted from MR images. The effects of the internal structure on the LV blood flow were clarified qualitatively by comparing the numerical analysis for the LV models with and without two simple internal structures. The present computational results provide fundamental information on the complex interaction between the internal structures and blood flow in an LV.
